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1 Introduction
Today there are a large number of known shape mem-
ory alloys (SMAs); nickel-based shape memory alloys, 
copper-based shape memory alloys, ferrous-based shape 
memory alloys, noble metal-based shape memory alloys, 
etc. The term shape memory alloys is applied to a group 
of metallic materials, which show the ability to return to 
PDAENऎLNAREKQOHUऎ@A²JA@ऎOD=LAऎKNऎOEVAऎ@QNEJCऎ=ऎOLA?E=HऎDA=Pऎ
treatment procedure. Shape change is a consequence of 
austenitic to martensitic transformation, which is charac-
terised by the following temperatures: As – austenite start 
temperatures, Afऎ¥ऎ=QOPAJEPAऎ²JEODऎPAILAN=PQNAOऎ)s – mar-
tensite start temperature and Mfऎ¥ऎI=NPAJOEPAऎ²JEODऎ PAI-
perature.1–7
Compared to Ni-Ti SMAs that are generally considered to 
be superior to Cu-based alloys, Cu-Al-Ni alloys also offer 
some considerable advantages. Not only is the material 
cost 15–30 % of that for Ni-Ti, but the melting, composi-
PEKJऎ?KJPNKHऎ=J@ऎ?=OPEJCऎ=NAऎHAOOऎ@EB²?QHPऎPDAUऎATDE>EPऎDECD-
er Young’s modulus, better machinability, and better work/
cost ratio. In addition, the stability of the two-way shape 
memory effect is better, which is very important when de-
signing the actuators.8
Phase diagrams are very important for designing and devel-
opment of a material due to its functional properties, mi-
?NKOPNQ?PQNAऎ=J@ऎLD=OAऎOP=>EHEPUऎQJ@ANऎOLA?E²?ऎ?KJ@EPEKJO
ऎ
Thermodynamic modelling offers valuable information for 
equilibrium thermodynamics, modelling of diffusion pro-
cesses and grain growth. It represents the advantage ac-
?KN@EJCऎ PKऎ ATLAJOERAऎ =J@ऎ PEIA	?KJOQIEJCऎ ATLANEIAJP=Hऎ
investigations.9 Reliable thermodynamic databases, with 
optimised parameters, are crucial for thermodynamic cal-
?QH=PEKJOऎKBऎ#E>>OऎAJANCUऎKBऎ=HHऎLD=OAOऎATEOPEJCऎEJऎ=JऎEJRAO-
tigated system and accuracy of calculated phase equilib-
ria. Thermodynamic descriptions of binary systems Cu-Al, 
Al-Mn, and Cu-Mn are given in a number of references, 
>QPऎPDANAऎEOऎ=ऎH=?GऎKBऎNAHAR=JPऎATLANEIAJP=Hऎ=J@ऎKLPEIEOA@ऎ
thermodynamic data for ternary Cu-Al-Ni alloy.9,10,11 Con-
sidering the wide application of Cu-Al-Ni alloys, it seems 
very interesting to analyse the thermodynamic properties 
of this ternary system. 
0DEOऎL=LANऎOPQ@EAOऎPDAऎEJ³QAJ?AऎKBऎDA=PऎPNA=PIAJPऎLNK?A-
dure on microstructure and phase transformation tempera-
tures of the alloy. The results obtained after heat treatment 
are compared with the results obtained on the sample in 
as-cast state.
2 Experimental
Thermodynamic calculation for equilibrate conditions was 
performed with Thermo-Calc 5 software, using database 
SSOL 6. Calculations of Gibbs energy were performed ac-
cording to binary sub-systems Cu-Al, Cu-Ni and Al-Ni.10–13
Cu-12.8 Al-4.1 Ni (wt.%) shape memory alloy was pro-
duced by vertical continuous casting procedure in a vac-
uum induction furnace connected to the device for verti-
cal continuous casting. The alloy, in the shape of a bar of 
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OP=PA
ऎ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8 IIऎEJऎ@E=IAPANऎOKHE@E²A@ऎEJऎ=ऎ?NUOP=HHEOANऎ=J@ऎ?=IAऎKQPऎ
passing between two rolls rotating in opposite directions. 
The alloys’ casting temperature was 1240 °C and casting 
speed was 320 mm minė. After casting, the heat treatment 
procedure was performed as shown in Table 1. 
For microstructural observation, the samples were metal-
lographically prepared by grinding, polishing, and etching. 
The detailed metallographic preparation of the samples 
EOऎ ATLH=EJA@ऎ AHOASDANA
14 The samples were investigat-
ed with optical microscope (OM) and scanning electron 
microscope (SEM). To determine phase transformation 
temperatures, differential scanning calorimetry (DSC) was 
performed. The samples were heated and cooled in one 
cycle from room temperature to 400 °C by heating/cooling 
speed of 10 K minė.
Results and discussion
3.1 Results of thermodynamic calculation 
of Cu-Al-Ni ternary phase diagram
Thermodynamic calculation was performed by CALPHAD 
method, based on minimisation of the free Gibbs energy 
of system.10,15 The Figs. 1 and 2 show the vertical section of 
calculated phase diagram for Cu-4.1Ni-Al.
Figs. 1 and 2 show precipitation of austenite, parent E-phase in B2 crystal structure at 1237 °C, under equi-
librate conditions. Solidus temperature was observed at 
1031 °C, and under this temperature, the E	LD=OAऎATEOPOऎ
as two  crystal structures, B2 and A2. The J-phase starts to 
precipitate at 611 °C. At 567 °C, the E-phase in A2 crystal 
structure decomposes to D-phase, and at room tempera-
Table 1 – Samples with heat treatment conditions





L As-cast state of Cu-Al-Ni SMA(EFAR=JKऎOP=JFAऎQ	H	*EऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎK>HEG=
K-1 Solution annealed at 850 °C/60’/WQKaljenje na 850 °C/60’/voda
K-1-1 Solution annealed at 850 °C/60’/WQ and tempered at 150 °C/60’/WQKaljenje na 850 °C/60’/voda i popuštanje na 150 °C/60’/voda
K-1-2 Solution annealed at 850 °C/60’/WQ and tempered at 200 °C/60’/WQKaljenje na 850 °C/60’/voda i popuštanje na 200 °C/60’/voda
K-1-3 Solution annealed at 850 °C/60’/WQ and tempered at 250 °C/60’/WQKaljenje na 850 °C/60’/voda i popuštanje na 250 °C/60’/voda
K-1-4 Solution annealed at 850 °C/60’/WQ and tempered at 300 °C/60’/WQKaljenje na 850 °C/60’/voda i popuštanje na 300 °C/60’/voda
WQ – water quenching
Fig. 1 – Vertical section of calculated phase diagram for  
Cu-4.1Ni-Al 





Fig. 2 – Vertical section of phase diagram for Cu-4.1Ni-Al  
(narrowed section)
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PQNAऎPDAऎ?KATEOPAJ?AऎKBऎD-, E-(B2) and J-phase is obvious. 
Decomposition of parent E-phase can be suppressed by 
fast cooling or quenching in water, which causes formation 
of martensitic structure.
During heat treatment, microstructural changes occur, 
affecting the phase transformation temperatures. Such 
behaviour of Cu-Al-Ni alloys, obtained by melt-spinning 
process, was observed by Morawiec et al.16 The change in 
phase transformation temperatures can also be attributed 
to the effect of internal strains caused by different grain 
OEVAऎEJऎPDAऎIE?NKOPNQ?PQNAऎ=Oऎ?KJ²NIA@ऎ>UऎPelegrina and 
Romero on Cu-Al-Zn SMA.17
3.2 Optical, scanning electron microscopy, 
and DSC results
Q	H	*EऎOD=LAऎIAIKNUऎ=HHKUOऎBNKIऎPDAऎEJEPE=Hऎ=QOPAJEPE?ऎƋऎ
phase, if casting conditions (e.g.ऎ OQB²?EAJPऎ?KKHEJCऎOLAA@ऎ
SANAऎO=PEO²A@ऎBKNIऎ=ऎI=NPAJOEPE?ऎIE?NKOPNQ?PQNAऎSDE?DऎEOऎ
responsible for the shape memory effect. However, during 
the casting, due to unfavourable cooling conditions, equi-
librium low temperature phases can be created according 
to the equilibrium phase diagram of Cu-Al-Ni alloy.6,7
In order to avoid the possible forming of residual low tem-
perature phases during casting, a heat treatment process 
EJऎ PDAऎ=QOPAJEPE?ऎƋऎLD=OAऎ=NA=ऎS=OऎLANBKNIA@
ऎ??KN@EJCऎ
to the literature18, copper-based SMAs are alloys in which 
heat treatment process cannot be avoided.
In the microstructure of the investigated Cu-Al-Ni alloy, 
PDAऎ ATEOPAJ?Aऎ KBऎ =ऎ ?KILHAPAHUऎI=NPAJOEPE?ऎIE?NKOPNQ?PQNAऎ
(Figs. 3 and 4) was found. It can be noticed that the mi-
crostructure consists of self-accommodating needle-like 
shaped martensite. In addition, the orientation of the crys-
tal was different.
The Cu-Al-Ni alloy microstructure can change depending 
on the heat treatment procedure. Optical micrographs 
of solution annealing and tempering are presented in 
Figs. 3b–3d. The grain boundaries are clearly visible, and 
the microstructure after heat treatment was completely 
martensitic. Martensite needles had different orientation 
SEPDEJऎA=?DऎCN=EJऎSDE?Dऎ?KQH@ऎ>AऎATLH=EJA@ऎ>Uऎ PDAऎJQ-
cleation of groups of martensitic plates in numerous plac-
es within the grain, and creation of local strain within the 
grain, which allowed the formation of several groups of 
differently oriented plates.
D=JCAOऎEJऎIE?NKOPNQ?PQNAऎEJ³QAJ?Aऎ?D=JCAOऎEJऎPDAऎ=HHKUªOऎ
properties, which occur due to thermal processing. Solu-
tion annealing of the Cu-Al-Ni shape memory alloy must 
be performed in order to achieve a fully martensitic mi-
crostructure. Along with the martensitic phase which is 
BKNIA@ऎBNKIऎPDAऎEJEPE=Hऎ=QOPAJEPE?ऎƋऎLD=OAऎPDAऎ?D=JCAऎEJऎ
CN=EJऎ OEVAऎ R=NEAOऎ@ALAJ@EJCऎKJऎ PDAऎLNK?AOOऎ ?KJ@EPEKJOऎKBऎ
heat treatment (heat treatment temperature, holding time 
at the selected temperature, or cooling agents).19
0DAऎI=NPAJOEPE?ऎIE?NKOPNQ?PQNAऎS=Oऎ?KJ²NIA@ऎKJऎ=HHऎO=I-
ples by scanning electron microscopy (Fig. 4). The resulting 
IE?NKOPNQ?PQNAऎ=LLA=NA@ऎ>UऎPN=JOBKNI=PEKJऎKBऎƋऎLD=OAऎPKऎ
martensite below Ms temperature. Martensite originated 
primarily as a needle-like martensite. On some of the sam-
ples, after solution annealing and tempering (Figs. 4b–4d), 
the V-shape of the martensite can be noticed. The mor-






Fig. 3 – Optical micrographs of Cu-Al-Ni shape memory alloy in as-cast state 
(a), solution annealed at 850 °C/60’/WQ (b), tempered at 150 °C/60’/
WQ (c), and 300 °C/60’/WQ (d)
Slika 3 – +LPEòGAऎIEGNKCN=²FAऎQ	H	*EऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎQऎHEFAR=JKIऎOP=-
nju (a), kaljenom na 850 °C/60’/voda (b), popuštenom na 150 °C/60’/
H2O (c) i 300 °C/60’/H2O (d)
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LNEI=NEHUऎ?D=N=?PANEOPE?ऎBKNऎƋ1’ martensite in Cu-Al-Ni shape 
memory alloys.20,21
The changes in microstructure can be seen in samples after 
tempering. OM and SEM micrographs (Figs. 3c, 3d, 4c, 
and 4d) reveal a different type of martensite plate charac-
PANEOPE?ऎBKNऎƌ1’ martensite. According to the literature,6,22 the ²JAऎJAA@HAOऎ=J@ऎ2	OD=LA@ऎH=PDOऎ=NAऎPULE?=HऎIKNLDKHKCEAOऎ
KBऎƋª1ऎ=J@ऎƌª1 martensites, respectively. Alloys with alumin-
ium content of 11–13 wt. % in the microstructure, trans-
BKNIऎ EJPKऎ .ऎ Ƌ1ªऎI=NPAJOEPAऎ BNKIऎ PDAऎ Ƌऎ L=NAJPऎ LD=OA
ऎ
Higher aluminium content (>13 wt. %) follows the forma-
PEKJऎKBऎ$ऎƌ1’) martensite. If the chemical composition is 
on the boundary between both martensites, then both can 
?KATEOPऎEJऎPDAऎIE?NKOPNQ?PQNA
ऎ3DE?DऎKBऎPDAIऎSEHHऎ=LLA=NऎEJऎ
the microstructure depends on the chemical composition, 
temperature conditions, and stress conditions.18,21,23,24
The appearance of martensite in the microstructure can be 
described by the transformation mechanism of austenitic 
ƋऎLD=OAऎ PDNKQCDऎ PDAऎ PN=JOBKNI=PEKJऎ Ƌऎ˧ऎƋ1’. Only after 




tensite can be described by the following transformation 
IA?D=JEOIऎ BNKIऎƋ ˧ऎƌ1’. Also, not only is one type of 
martensite present in the microstructure, but both types of 
martensite, which can be described by the transformation 
Ƌ ˧ऎƋ1’ +ऎƌ1’.
It was observed that changes in temperature of phase 
transformations occur due to changes in temperature of 
heat treatment process (Table 2 and Figs. 5–7). Figs. 5 and 
6 present DSC curves for alloy in as-cast state and solu-
tion annealed, respectively. The phase transformation tem-
peratures (Ms, Mf, As, and Af) were determined by tangent 
method and marked in Figs. 5 and 6. 
Fig. 7 shows the effect of heat treatment temperature on 
the phase transformation temperatures before and after 
heat treatment. It can be noticed that the temperature of 
the phase transformation is the highest for as-cast sample. 
The reason for this may be a large amount of internal strain 
and imperfection in the microstructure, as a result of cast-
EJCऎ=J@ऎOKHE@E²?=PEKJ
ऎ
Since the heat treatment procedure (solution annealing 
and tempering) was carried out in order to achieve or-
der in the alloy’s structure and stabilisation of the phase 





Fig. 4 – SEM micrographs of Cu-Al-Ni shape memory alloy in as-cast state (a), 
solution annealed at 850 °C/60’/WQ (b), tempered at 150 °C/60’/
WQ (c), and 300 °C/60’/WQ (d)
Slika 4 – /!)ऎIEGNKCN=²FAऎQ	H	*EऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎQऎHEFAR=JKIऎOP=JFQऎ
(a), kaljenom na 850 °C/60’/voda (b), popuštenom na 150 °C/60’/
H2O (c) i 300 °C/60’/H2O (d)
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of Ms temperature was observed after solution annealing 
and tempering (Fig. 7, Table 2). The graph shows the Ms 
temperature matching in all cases after heat treatment. The 
values of Ms temperature only slightly differ, ranging from 
213.1 °C to 216.8 °C.
4 Conclusion
0DAऎ EJ³QAJ?Aऎ KBऎ DA=Pऎ PNA=PIAJPऎ KJऎ IE?NKOPNQ?PQNAऎ =J@ऎ
phase transformation temperatures was investigated. The 
results of thermal and microstructural analysis of Cu-Al-Ni 
shape memory alloy before and after heat treatment sug-
gest the following conclusions:
 – )E?NKOPNQ?PQN=Hऎ =J=HUOEOऎ EJऎ PDEOऎ OPQ@Uऎ ?KJ²NIA@ऎ PDAऎ
?KILHAPAऎ PN=JOBKNI=PEKJऎ KBऎ Ƌऎ LD=OAऎ EJPKऎ I=NPAJOEPAऎ
phase in the as-cast and heat treated samples at all 
investigated temperatures. A detailed analysis of the 
results, suggests that, in the as-cast state, the only mi-
?NK	?KJOPEPQAJPऎ EOऎ =ऎ Ƌ1’ martensite, which arises from 
PDAऎIA?D=JEOIऎKBऎ=QOPAJEPE?ऎƋऎLD=OAऎPDNKQCDऎPDAऎPN=JO-
formation Ƌऎ˧ऎƋ1’. After heat treatment, another type KBऎI=NPAJOEPAऎ EJऎ PDAऎIE?NKOPNQ?PQNAऎ =LLA=NOऎ ƌ1’ mar-
tensite), which can be described by the following trans-
BKNI=PEKJऎIA?D=JEOIऎBNKIऎƋ ˧ऎƌ1’. The presence of 
both types of martensite in the microstructure can be 
@AO?NE>A@ऎ>UऎPDAऎPN=JOBKNI=PEKJऎƋ ˧ऎƋ1’ +ऎƌ1’.
 – 0DANIK@UJ=IE?ऎ?=H?QH=PEKJऎODKSOऎ²NOPHUऎLNA?ELEP=PEKJऎ
of parent E-phase under equilibrate conditions. At soli-
dus temperature (1031 °C), E	LD=OAऎATEOPOऎ=OऎPSKऎ?NUO-
tal structures. Also, the precipitation of J-phase starts 
at 611 °C. Decomposition of E-phase to D-phase is at 
567 °C. The D-, E-(B2) and J-phases were obvious at 
room temperature.
 – The DSC analysis show the highest values of phase 
transformation temperatures for the as-cast sample. Af-
ter heat treatment, the characteristic behaviour of Ms 
temperature was observed. The stabilisation of Ms tem-
perature was accomplished by heat treatment, and var-
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Fig. 5 – DSC curves of Cu-Al-Ni shape memory alloy after cast-
ing
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DA=PEJCV=CNEF=R=JFA
?KKHEJCDH=óAJFA
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Mf = 168.8 °C
Ms = 216.7 °C
Fig. 6 – DSC curves of Cu-Al-Ni shape memory alloy after solu-
tion annealing at 850 °C/60’/WQ
Slika 6 –  /ऎGNERQHFAऎQ	H	*EऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎK>HEG=ऎJ=-
kon kaljenja na 850 °C/60’/voda
Table 2 – Temperatures of austenitic and martensitic transformation in Cu-Al-Ni shape memory alloy, °C
Tablica 2 – 0AILAN=PQNAऎ=QOPAJEPJAऎEऎI=NPAJVEPJAऎPN=JOBKNI=?EFAऎQ	H	*EऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎK>HEG=ऎ|
Samples
1VKN?E
As Af Ms Mf
(°C)
L (as-cast state)
L (lijevano stanje) 179.4 212.5 246.5 201.4
K-1 (solution annealed at 850 °C/60’/WQ)
K-1 (kaljeno na 850 °C/60’/voda) 142.6 188.6 216.7 168.8
K-1-1 (tempered at 150 °C/60’/WQ)
K-1-1 (popušteno na 150 °C/60’/voda) 150.4 180.5 214.0 176.4
K-1-2 (tempered at 200 °C/60’/WQ)
K-1-2 (popušteno na 200 °C/60’/voda) 152.5 182.0 213.7 181.4
K-1-3 (tempered at 250 °C/60’/WQ)
K-1-3 (popušteno na 250 °C/60’/voda) 163.4 192.0 216.8 181.4
K-1-4 (tempered at 300 °C/60’/WQ)
K-1-4 (popušteno na 300 °C/60’/voda) 180.3 205.5 213.1 183.3
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 Popis kratica o simbola
As – austenite start temperature, °C¥ऎPAILAN=PQN=ऎLKòAPG=ऎ=QOPAJEPJAऎPN=JOBKNI=?EFAऎ|
Af ¥ऎ=QOPAJEPAऎ²JEODऎPAILAN=PQNAऎ|¥ऎPAILAN=PQN=ऎV=RN×APG=ऎ=QOPAJEPJAऎPN=JOBKNI=?EFAऎ|
A2 – form of crystal structure
– oblik kristalne strukture
bcc – body-centred cubic crystal structure
¥ऎRKHQIJK	?AJPNEN=J=ऎGQ>EòJ=ऎGNEOP=HJ=ऎNA×APG=
B2 – form of crystal structure
– oblik kristalne strukture
DSC – differential scanning calorimetry
¥ऎ@EBANAJ?EF=HJ=ऎLNAPN=ÙJ=ऎG=HKNEIAPNEF=
fcc – face-centred cubic crystal structure
¥ऎLHK×JK	?AJPNEN=J=ऎGQ>EòJ=ऎGNEOP=HJ=ऎNA×APG=ऎ,'
Mf ¥ऎI=NPAJOEPAऎ²JEODऎPAILAN=PQNAऎ|¥ऎPAILAN=PQN=ऎV=RN×APG=ऎI=NPAJVEPJAऎPN=JOBKNI=?EFAऎ|
Ms – martensite start temperature, °C¥ऎPAILAN=PQN=ऎLKòAPG=ऎI=NPAJVEPJAऎPN=JOBKNI=?EFAऎ|
OM – optical microscopy
¥ऎKLPEòG=ऎIEGNKOGKLEF=
SEM – scanning electron microscopy
¥ऎLNAPN=ÙJ=ऎAHAGPNKJOG=ऎIEGNKOGKLEF=
SMAs – shape memory alloys
¥ऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎK>HEG=
2H – form of crystal structure
– oblik kristalne strukture
18R – form of crystal structure
– oblik kristalne strukture
Ɗ – phase, primary solid solution of Al and Ni in 
copper, fcc crystal structure
¥ऎB=V=ऎLNEI=NJ=ऎòRNOP=ऎKPKLEJ=ऎHऎEऎ*EऎQऎ>=GNQऎ
PCK strukture
Ƌ – austenite phase
¥ऎ=QOPAJEPJ=ऎB=V=
Ƌ1’ – martensite phase¥ऎI=NPAJVEPJ=ऎB=V=
ƌ – equilibrium phase
¥ऎN=RJKPAÙJ=ऎB=V=
ƌ1’ – martensite phase¥ऎI=NPAJVEPJ=ऎB=V=
Fig. 7 – %J³QAJ?AऎKBऎDA=PऎPNA=PIAJPऎLNK?A@QNAऎKJऎLD=OAऎPN=JOBKNI=PEKJऎPAILAN=PQNAOऎKBऎPDAऎQH*EऎOD=LAऎ
memory alloy
Slika 7 – 1PFA?=FऎPKLHEJOGAऎK>N=@AऎJ=ऎPAILAN=PQNAऎB=VJAऎPN=JOBKNI=?EFAऎQH*EऎOHEPEJAऎOऎLNEOFAPHFERK×ðQऎK>HEG=
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